Non-Uniform Decoupling Capacitor Distribution For Providing More 
Uniform Noise Reduction Across Chip 



[0001] This application claims the benefit of U.S. Provisional Application No. 60/476,204 
filed on June 5, 2003, entitled Non-Uniform Distribution of Decoupling Capacitor Networks For 
High Pin Count BGA-Based System Design, which application is hereby incorporated herein by 
reference. 

TECHNICAL FIELD 

[0002] The present invention generally relates to packaged semiconductor devices. In one 
aspect it relates more particularly to providing decoupling capacitors for a packaged integrated 
circuit chip. 

BACKGROUND 

[0003] Often decoupling capacitors are added to a printed circuit board and connected to 
certain power or voltage supply leads, and/or certain critical signal leads on a semiconductor 
chip having integrated circuits therein to reduce switching noise, to reduce the amount of 
electromagnetic energy radiated from the semiconductor chip, and/or to reduce or prevent 
excessive voltage ripples. Also, bulk capacitors (typically larger than the decoupling capacitors) 
are sometimes used as well, but may not be critical and may not be needed. In such cases where 
bulk capacitors are also used, the bulk capacitors may be used to filter low-frequency voltage 
ripple and/or to more quickly recharge the decoupling capacitors. 

[0004] Decoupling capacitors are also sometimes referred to as bypass capacitors in the art. 
Furthermore, the term "lead" is used generically herein to refer to any type of electrical 
connector on a packaged semiconductor chip for electrically connecting the packaged chip to 
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another packaged chip or to a circuit board, including (but not necessarily limited to): solder 
bumps or solder balls on a ball grid array package, pins on a pin grid array package, or leads on a 
TSOP package, for example. As will be apparent to one of ordinary skill in the art, "leads" of a 
chip, as well as chip configurations, vary widely and will likely continue to evolve and change in 
the future. 

[0005] A specification of a decoupling capacitor that may be considered while selecting a 
decoupling capacitor is its self-resonant frequency. Generally, a capacitor remains capacitive up 
to its self-resonance frequency. Above the self-resonance frequency, the capacitor may start to 
appear as an inductor. FIG. 1 illustrates a series equivalent circuit 20 of a capacitor. Generally, 
each capacitor has three different components: equivalent series resistance (ESR), equivalent 
series inductance (ESL), and the capacitance itself (C). The self-resonant frequency typically 
occurs at the point where the impedance of the capacitor (C) is equal to the impedance of the 
inductor (ESL). This relationship is illustrated by the following equations. 

Zc=- 
c coC 

where Z c is impedance for the capacitor (C in FIG. 1), co is frequency in radians 
(co = 2rcf), and C is capacitance of the capacitor (C in FIG. 1). 

Z L = coL, 

where Z L is impedance for the inductor (ESL in FIG. 1) and L is inductance of the 
inductor (ESL in FIG. 1). At resonant frequency: 

c 1 coC 

2 1 

(O = and co = 2t$ , where f is frequency, 

LC 



TI-36252 



-2- 



f R = -j= , where f R is the self-resonance frequency. 

2/rV LC 

[0006] As shown in the self-resonance equation (f R ) above, a lower capacitance and a lower 
inductance yield a higher resonant frequency. A goal of using decoupling capacitors is to 
provide a low impedance path from a power supply to ground to shunt unwanted radio frequency 
(RF) energy, for example. Thus, it is typically desirable to choose a low inductance capacitor for 
a decoupling capacitor. 

[0007] In a prior method, decoupling capacitors and bulk capacitors are distributed 
uniformly around the chip. Many of today's chips are complex and have systems on the chip 
(e.g., system-on-chip layout). Such chips typically have multiple types of devices, such as a 
analog PLL (phase locked loop) component, digital PLL component, general purpose processor, 
digital signal processor, ROM memory, RAM memory, digital bandgap, analog bandgap, voltage 
regulator, memory interface, clock circuitry, and combinations thereof, for example. In such 
chips having several different devices therein, such devices may be operating at different 
switching speeds (i.e., different clock frequencies), different voltages, and/or different currents. 
Generally, a higher switching frequency requires a smaller decoupling capacitor to sufficiently 
reduce the noise level, and a lower switching frequency requires a larger decoupling capacitor to 
sufficiently reduce the noise level. In such complex chips having two or more switching 
frequencies from multiple devices on the chip, a uniform distribution of same size decoupling 
capacitors may yield a non-uniform noise level across the chip. If the noise level is not uniform 
across the chip, it may create an antenna effect, which may result in more electromagnetic 
energy radiating from the chip during operation. This is commonly referred to as a differential 
mode radiation. 
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[0008] FIG. 2 is a bottom view of a simplified schematic for an example packaged chip 30 
with uniformly distributed decoupling capacitors 32 and bulk capacitors 34, as is common in the 
prior art. FIG. 3 is a side view of the packaged chip 30 and the capacitors 32, 34 of FIG. 2 
operably mounted on a circuit board 36, for example. FIG. 4 shows a simplified electrical 
schematic 40 of how a decoupling capacitor and a bulk capacitor are typically connected to a 
chip lead for filtering unwanted noise. 

[0009] Referring to FIG. 2, note that all of the decoupling capacitors 32 have the same 
values (0.01 jliF), and note that all of the bulk capacitors 34 have the same values (22 jiF). Also, 
note that the number of decoupling capacitors 32 and placement is the same on each side of the 
chip 30. However, the chip 30 shown in FIG. 2 is a system-on-chip device having a digital 
portion 42 (e.g., digital PLL, digital signal processor, general purpose processor), an analog 
portion 44 (e.g., analog PLL), and memory interfaces (e.g., external memory interface fast or 
EMIFF), for example. Each of these components of the chip 30 may operate at different 
switching speeds (different clock frequencies), different voltages, and/or different peak switching 
currents. Thus, with the uniform distribution of decoupling capacitors 32 shown in FIG. 2, the 
overall noise level across the chip 30 may not be uniform. This may cause a significant noise 
differential across the chip 30 and may lead to differential mode radiation, which is usually not 
desirable. 

[0010] Typically chips and boards used or sold in the U.S. must pass FCC certification for 
the level of electromagnetic energy radiated from the device during operation (e.g., transmission 
of radio frequency signals generated by high frequency components on a chip generating noise 
leading to differential mode radiation). Generally, the larger the size of the chip, the greater the 
antenna effect generated by non-uniform noise levels across the chip. And, most complex chips 
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today are growing in size and number of leads as more devices and systems are placed on the 
chip to increase system speeds and decrease power consumption, for example. Thus, if a chip 
has some level of noise, it is preferred to have the noise level as uniform as possible across or 
around the chip to reduce or eliminate the antenna effect. Hence, a need exists for a way to 
provide a more uniform noise level across a chip, especially as chip sizes increase, as the number 
of leads increases, and as multiple components running at different clock frequencies are placed 
on a single chip, for example. 

SUMMARY OF THE INVENTION 

[0011] The problems and needs outlined above may be addressed by embodiments of the 
present invention. In accordance with one aspect of the present invention, a method of selecting 
decoupling capacitors for a packaged semiconductor chip, is provided. This method includes the 
following steps described in this paragraph. The order of the steps may vary, may be sequential, 
may overlap, may be in parallel, and combinations thereof. At least some chip leads on the 
packaged semiconductor chip are grouped into at least two regions. This grouping may be based 
upon a consideration of the switching frequencies associated with the leads, for example. For 
each of the regions, a first lead count for the chip leads in a first lead category in that region is 
determined. For each of the regions, a second lead count for the chip leads in a second lead 
category, if any, in that region is determined. For each of the regions, a third lead count for the 
chip leads in a third lead category, if any, in that region is determined. For each lead category in 
each of the regions, a total switching current for that lead category in that region is determined 
based on the lead count for that lead category in that region. For each lead category in each of 
the regions, a total decoupling capacitance value for that lead category in that region is 
determined based on the total switching current for that lead category in that region, a maximum 
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allowable voltage ripple selected for that lead category, and a voltage rise time selected for that 
lead category. The number of decoupling capacitors that may be allocated to each of the regions 
is determined. For each of the regions, a number of the decoupling capacitors for that region are 
allocated to each lead category. For each lead category in each of the regions, the total 
decoupling capacitance value for that lead category in that region is divided by the number of the 
decoupling capacitors allocated for that lead category in that region to obtain a desired individual 
capacitance value for each of the decoupling capacitors allocated for that lead category in that 
region. For each lead category in each of the regions, an actual decoupling capacitor is selected 
for each of the decoupling capacitors allocated for that lead category in that region. Each of the 
actual decoupling capacitors has an actual individual capacitance corresponding to the desired 
individual capacitance value for that allocated decoupling capacitor of that lead category in that 
region. Each of the actual decoupling capacitors of that lead category has a self-resonance 
frequency selected based on an operating frequency of the chip leads in that lead category. 

[0012] In accordance with another aspect of the present invention, a method of selecting 
decoupling capacitors for a packaged semiconductor chip, is provided. This method includes the 
following steps described in this paragraph. The order of the steps may vary, may be sequential, 
may overlap, may be in parallel, and combinations thereof. At least some chip leads on the 
packaged semiconductor chip are grouped into at least two regions. A first lead count is 
determined for the chip leads in a first lead category in a selected region. A second lead count is 
determined for the chip leads in a second lead category, if any, in the selected region. For each 
lead category in the selected region, a total switching current is determined for that lead category 
in the selected region based on the lead count for that lead category in the selected region. For 
each lead category in the selected region, a total decoupling capacitance value is determined for 
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that lead category in the selected region based on the total switching current for that lead 
category in the selected region. A number of decoupling capacitors is allocated to each lead 
category of the selected region. For each lead category in the selected region, the total 
decoupling capacitance value for that lead category are divided by the number of the decoupling 
capacitors allocated for that lead category in the selected region to obtain a desired individual 
capacitance value for each of the decoupling capacitors allocated for that lead category in the 
selected region. For each lead category in the selected region, an actual decoupling capacitor is 
selected for each of the decoupling capacitors allocated for that lead category. Each of the actual 
decoupling capacitors has an actual individual capacitance corresponding to the desired 
individual capacitance value for that allocated decoupling capacitor of that lead category in the 
selected region. 

[0013] In accordance with yet another aspect of the present invention, an electronic device 
is provided, which includes: a packaged semiconductor chip, a first group of the decoupling 
capacitors, a second group of the decoupling capacitors, and a first bulk capacitor. The packaged 
semiconductor chip has a plurality of chip leads extending therefrom. The first group of the 
decoupling capacitors is electrically connected to a first select group of the chip leads in a first 
select region of the chip leads. The first group of decoupling capacitors each has a first 
decoupling capacitance and each has a first self-resonance frequency. The second group of the 
decoupling capacitors is electrically connected to a second select group of the chip leads in the 
first select region of the chip leads. The second group of decoupling capacitors each has a 
second decoupling capacitance and each has a second self-resonance frequency. The second 
decoupling capacitance differs from the first decoupling capacitance. The second self-resonance 
frequency differs from the first self-resonance frequency. The first bulk capacitor is electrically 
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connected to at least one of the first select group of the chip leads in the first select region, the 
first bulk capacitor having a first bulk capacitance. The first bulk capacitance differs from the 
first and second decoupling capacitances. 

[0014] The foregoing has outlined rather broadly features of the present invention in order 
that the detailed description of the invention that follows may be better understood. Additional 
features and advantages of the invention will be described hereinafter which form the subject of 
the claims of the invention. It should be appreciated by those skilled in the art that the 
conception and specific embodiment disclosed may be readily utilized as a basis for modifying 
or designing other structures or processes for carrying out the same purposes of the present 
invention. It should also be realized by those skilled in the art that such equivalent constructions 
do not depart from the spirit and scope of the invention as set forth in the appended claims. 
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BRIEF DESCRIPTION OF THE DRAWINGS 

[0015] The following is a brief description of the drawings, which illustrate exemplary 
embodiments of the present invention and in which: 

[0016] FIG. 1 shows a schematic of a series-equivalent circuit of a capacitor; 

[0017] FIG. 2 is a bottom view of a simplified schematic for an example packaged chip with 
uniformly distributed decoupling and bulk capacitors; 

[0018] FIG. 3 is a side view of the packaged chip and the capacitors of FIG. 2 operably 
mounted on a printed circuit board; 

[0019] FIG. 4 shows a simplified electrical schematic of how a decoupling capacitor and a 
bulk capacitor are typically connected to a chip lead for filtering unwanted noise; 

[0020] FIG. 5 shows the example chip of FIG. 2 with the leads categorized; 

[0021] FIG. 6 shows the example chip of FIG. 5 with certain leads grouped into four 
regions; 

[0022] FIG. 7 shows the example chip of FIG. 7 with four decoupling capacitors selected 
for the first region; 

[0023] FIG. 8 shows the example chip of FIG. 7 with the addition of three decoupling 
capacitors selected for the second region; 

[0024] FIG. 9 shows the example chip of FIG. 8 with the addition of three decoupling 
capacitors selected for the third region; 

[0025] FIG. 10 shows the example chip of FIG. 9 with the addition of four decoupling 
capacitors selected for the fourth region; 
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[0026] FIG. 1 1 shows the example chip of FIG. 10 with the addition of four bulk capacitors; 
and 

[0027] FIGs. 12-15 are side views of the example packaged chip and the capacitors of FIG. 
1 1 in combination with a printed circuit board to illustrate some example configurations. 
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DETAILED DESCRIPTION OF ILLUSTRATIVE EMBODIMENTS 

[0028] Referring now to the drawings, wherein like reference numbers are used herein to 
designate like or similar elements throughout the various views, illustrative embodiments of the 
present invention are shown and described. The figures are not necessarily drawn to scale, and 
in some instances the drawings have been exaggerated and/or simplified in places for illustrative 
purposes only. One of ordinary skill in the art will appreciate the many possible applications and 
variations of the present invention based on the following illustrative embodiments of the present 
invention. 

[0029] For purposes of comparison, the same chip 30 shown in FIG. 2 is used to illustrate an 
application of a first embodiment of the present invention. The chip 30 of FIG. 2 is shown in 
FIG. 5. In FIG. 5, the dashed borders shown around the digital and analog portions 42, 44 of the 
chip 30 are provided to illustrate that this example chip 30 is a complex chip having multiple 
devices running at different frequencies, different voltages, and/or different currents. In a typical 
or preferred chip layout, the leads for a certain component or device in the chip often will be 
clustered together and close to the component or device. This is a common layout practice to 
minimize the length of lines from the device to the leads. In other chips, however, the layout of 
the various components and their lead locations may vary greatly, as will be apparent to one of 
ordinary skill in the art. Also, the chip 30 in FIGs. 5-1 1 is shown with eighty-eight leads (50) for 
purposes of simplifying the drawings. An actual chip of this type may have more than 200 leads, 
for example. 

[0030] In FIGs. 5-1 1, certain leads 51, 52, 53 on the chip are shown with various shading 
for purposes of illustrating different categories of leads. For example, a first lead category 51 is 
shaded with diagonal lines, a second lead category 52 is shaded with a square grid pattern, and a 
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third lead category 53 is shaded with horizontal lines. In this example chip, the leads of the first 
lead category 51 are core voltage leads designed to accept about 1.6 volts at a clock frequency of 
about 150 MHz, the leads of the second lead category 52 are input/output (I/O) voltage leads 
designed to accept about 3.3 volts at a clock frequency of about 75 MHz, and the leads of the 
third category 53 are I/O voltage leads designed to accept about 3.3 volts at a clock frequency of 
about 40 MHz, for example. These are merely example lead categories, and in other 
embodiments, the number and type of lead categories may vary from those shown herein. 

[0031] Referring to FIG. 6, at least some of the leads 50 on the packaged semiconductor 
chip 30 are grouped into regions. In this example, four regions are used. In other embodiments, 
the number of regions may vary. An embodiment may group some or all of the leads 50 into 
two, three, four, five, six, seven, eight, nine, or ten regions, for example. The number of regions 
used for grouping leads 50 may be selected based on the number of leads, the chip size, the 
number of different lead categories, the number of critical leads needing decoupling capacitors, 
the location or placement of lead categories or certain leads, and/or the number of decoupling 
capacitors that will be used, for example. The regions may be selected by analyzing the 
switching frequencies associated with each chip lead. For example, a group of leads associated 
with memory interface for a given chip may have a switching frequency of 100 MHz. In such 
case, it may be preferable to group these like leads in a same region, for example. Also, it will 
often be preferred to the power and ground leads associated with a switching frequency in a same 
region, for example. 

[0032] Referring to FIG. 6, the first region has three leads 51 in the first lead category and 

eight leads 52 in the second lead category. The second and third regions each have three 

leads 51 in the first lead category and four leads 53 in the third lead category. The fourth region 
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has four leads 51 in the first lead category and six leads 53 in the third lead category. These lead 
counts for each lead category will be relevant in later calculations. 

[0033] For purposes of discussion, the selection of the decoupling capacitors for the first 
region will be described first. A total switching current for each lead category in each region is 
calculated based on the lead count for each lead category in each region. Consulting a data 
manual for the chip 30 may provide a peak current consumption specification for the core leads 
(i.e., the first lead category 51) of 170 mA, for example. This value may be obtained from other 
sources. It is preferred, but not necessary, to provide a 100% safety margin for the peak current 
consumption value, for example. However, no safety margin or another safety margin may be 
used in other embodiments. To estimate the total switching current for each region, the 
following equation may be used: 

Isr = (Wl)(SF)(N lr ), 

where Isr is the estimated switching current per region for a given group or category of leads, Is 
is the total peak switching current consumption for all leads of that group or category, N L is the 
total number of leads for that group or category, SF is the safety factor (e.g., 1 = none, 2 = 
100%), and Nlr is the number of leads for that region for that group or category. Thus, to 
conservatively estimate the total peak current for the core leads 51 of the first lead category in 
the first region, the following calculation may be performed: 

Isr = (170 mA/13)(2)(3) = 78 mA. 

[0034] For the I/O voltage leads 52, 53 (i.e., second and third lead categories), the peak 
current consumption may be estimated by multiplying 4 mA by the total number of I/O leads 
(power and other leads) for each region. This provides a conservative estimate by assuming that 
all outputs and inputs are switching simultaneously. In this example, the first region has a total 



TI-36252 



-13- 



of 54 I/O leads (not shown in simplified drawing), for example. Thus, the estimated peak 
switching current for the I/O leads is: (4mA)(54) = 216 mA. In other embodiments, however, 
the total switching current for the core, I/O, or other leads may be estimated, selected, and/or 
calculated in another way, as may be apparent to one of ordinary skill in the art. 

[0035] Because the core voltage leads 51 (first lead category) and the I/O voltage leads 52 
(second lead category) are operating at different frequencies in this example, it is preferred to 
decouple the first and second lead categories 51, 52 using different decoupling capacitors. Next, 
the total decoupling capacitance for each lead category of the first region may be calculated 
using the following equation: 

C D =(/ 5/? )(A//AV), 

where C D is the total decoupling capacitance for a lead category of a region, I S r is the total 
switching current for that lead category in that region, At is the rise time selected for that lead 
category, and AV is the maximum allowable ripple voltage selected for that lead category. 

[0036] For this example, the maximum allowable ripple voltage is assumed to be 10 mV and 
the rise time is assumed to be 1 ns. Such values may be selected based on the data manual or 
specifications for the chip, for example. Thus, to determine a total decoupling capacitance value 
for the first lead category 51 in the first region for this example, the following calculation may be 
used: 

C D t-i = (78 mA)(l ns)/(10 mV) = 0.0078 ^F. 

[0037] Similarly, the total decoupling capacitance value for the second lead category 52 of 
the first region may be calculated as: 

C D2 -i = (216 mA)(l ns)/(10 mV) = 0.022 ^iF. 
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[0038] Because there are three core voltage leads 5 1 (first category leads) with an operation 
frequency of 150 MHz and eight I/O voltage leads 52 (second category leads) with an operation 
frequency of 75 MHz, it is preferred to have multiple decoupling capacitors for these multiple 
power supply leads. Ideally, each of these leads would get its own decoupling capacitor. But 
due to the physical space limitations on a typical computer circuit board, there is often not 
enough board space to place a decoupling capacitor on every critical lead. Thus, as a practical 
compromise, fewer decoupling capacitors will often be used. In this example, it is assumed that 
there is enough board space to place up to four decoupling capacitors per region (for four 
regions). Hence, the first region may be allocated four decoupling capacitors, for example. 

[0039] With the number of decoupling capacitors allocated for the first region determined, 
the number of decoupling capacitors allocated to each lead category in the first region is next 
determined. In this example, two decoupling capacitors are allocated to the first lead category of 
the first region, and two decoupling capacitors are allocated to the second lead category of the 
first region. In other embodiments, the number of decoupling capacitors allocated to each region 
and to each lead category may vary. Also, each lead category and/or each region may or may not 
have equal numbers of decoupling capacitors allocated thereto. 

[0040] With the number of decoupling capacitors allocated to the first and second lead 
categories of the first region, the desired individual capacitance value for each of the allocated 
decoupling capacitors may be determined. For example, the total decoupling capacitance value 
for each lead category of the first region may be divided by the number of decoupling capacitors 
allocated for that lead category in the first region to obtain the desired individual capacitance 
value for each of them. Thus, for the first lead category in the first region, 0.0078 \iF 1 2 (two 
decoupling capacitors) yields a desired individual capacitance of 0.0039 ^iF. And for the second 
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lead category in the first region, 0.022 pF / 2 (two decoupling capacitors) yields a desired 
individual capacitance of 0.01 1 |iF. 

[0041] Next, actual decoupling capacitors are selected that have an actual individual 
capacitance close to or around the same value as the desired individual capacitance (i.e., using 
the above-calculated desired individual capacitance as a guideline), and that preferably have a 
self-resonant frequency close to or around the same value as the operating frequency of that lead 
category (e.g., 150 MHz for the first lead category and 75 MHz for the second lead category in 
this example). As is well known to one of ordinary skill in the art, the ability to make or select 
an actual capacitor with a actual individual capacitance and an actual self-resonance frequency 
that exactly matches a desired individual capacitance and/or a desired self-resonance frequency 
may be physically impossible and/or not practical (i.e., too expensive or too long of a lead time). 
Thus, the selected decoupling capacitors may have actual capacitance and self-resonance 
frequency values different than the desired capacitance and self-resonance frequency values 
calculated using an embodiment of the present invention. Generally, when given the choice, it 
will typically be preferred to select a decoupling capacitor with a self-resonance frequency closer 
to the desired self-resonance frequency and with the capacitance not as close to the desired 
capacitance, than to select a decoupling capacitor with a capacitance closer to the desired 
capacitance and with the self-resonance frequency not as close to the desire self-resonance 
frequency. 

[0042] Back to the example, two 0.0047 ^iF ceramic capacitors 62 having a self-resonance 
frequency of about 150 MHz may be selected for the first lead category (core voltage leads) of 
the first region, as illustrated in FIG. 7. And for the I/O voltage leads of the second lead category 
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of the first region (see FIG. 7), two 0.01 |iF ceramic capacitors 64 having a self-resonance 
frequency of about 75 MHz may be selected, for example. 

[0043] The steps described above for selecting the decoupling capacitors 62, 64 for the first 
region may be also used to select the decoupling capacitors for the second, third, and fourth 
regions in this example. Considering the second region, it has three core voltage leads 51 in the 
first lead category and four I/O voltage leads 53 in the third lead category. The conservative 
estimate of the total peak switching current for the first and third lead categories of the second 
region are 78 mA and 236 mA, respectively, for example. Based on these switching current 
values, the total desired capacitances for the first and third lead categories of the second region 
are 0.0078 |iF and 0.024 |LiF, respectively (based on the same selections/assumptions of a 1 ns 
rise time and a maximum allowable ripple voltage of 10 mV). As discussed above, four 
decoupling capacitors were allocated to the second region. Two of these decoupling capacitors 
may be allocated for the first lead category of the second region, for example. Because the I/O 
peripherals in the second region are running at speeds at or less than 40 MHz in this example, 
one decoupling capacitor may be allocated for the third lead category of the second region. 
Hence, not all of the allocated decoupling capacitors for a region need to be used in some cases. 
For the first lead category in the second region, 0.0078 |iF / 2 (two decoupling capacitors) yields 
a desired individual capacitance of 0.0039 (iF. And for the third lead category in the second 
region, 0.024 \iF / 1 (one decoupling capacitors) yields a desired individual capacitance 
of 0.024 |xF. Thus, two 0.0047 \iF ceramic capacitors 72 having a self-resonance frequency of 
about 150 MHz may be selected for the first lead category (core voltage leads) of the second 
region, as illustrated in FIG. 8. And for the I/O voltage leads 53 of the third lead category of the 
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second region (see FIG. 8), one 0.022 \iF ceramic capacitor 74 having a self-resonance frequency 
of about 40 MHz may be selected, for example. 

[0044] Considering the third region next, it has three core voltage leads 51 in the first lead 
category and four I/O voltage leads 53 in the third lead category, which is the same as the second 
region. Hence, the same calculations may be performed for the third region as in the second 
region. Thus, two 0.0047 ceramic capacitors 82 having a self-resonance frequency of 
about 150 MHz may be selected for the first lead category (core voltage leads) of the third 
region, as illustrated in FIG. 9. And for the I/O voltage leads 53 of the third lead category of the 
third region (see FIG. 9), one 0.022 |LiF ceramic capacitor 84 having a self-resonance frequency 
of about 40 MHz may be selected, for example. 

[0045] Considering the fourth region, it has four core voltage leads 51 in the first lead 
category and six I/O voltage leads 53 in the third lead category. Conservative estimates of the 
total peak switching current for the first and third lead categories of the fourth region are 104 mA 
and 220 mA, respectively, for example. Based on these switching current values, the total 
desired capacitances for the first and third lead categories of the fourth region are 0.01 (iF 
and 0.022 |jp, respectively (based on the same selections/assumptions of a 1 ns rise time and a 
maximum allowable ripple voltage of 10 mV). As discussed above, four decoupling capacitors 
were allocated to the fourth region. Two of these decoupling capacitors may be allocated for the 
first lead category of the fourth region, and the other two may be allocated to the third lead 
category of the fourth region, for example. For the first lead category in the fourth region, 
0.01 1 2 (two decoupling capacitors) yields a desired individual capacitance of 0.005 ^iF. And 
for the third lead category in the fourth region, 0.022 ^iF / 2 (two decoupling capacitors) yields a 
desired individual capacitance of 0.01 1 |iF. Thus, two 0.0056 |iF ceramic capacitors 92 having a 
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self-resonance frequency of about 150 MHz may be selected for the first lead category (core 
voltage leads) of the fourth region, as illustrated in FIG. 10. And for the I/O voltage leads 53 of 
the third lead category of the fourth region (see FIG. 10), two 0.01 ^iF ceramic capacitors 94 
having a self-resonance frequency of about 40 MHz may be selected, for example. 

[0046] Optionally, yet preferably, bulk capacitors may be added as well to filter low 
frequency voltage and/or to recharge some or all of the decoupling capacitors, for example. In 
FIG. 11, bulk capacitors 98 have been selected and added along with the decoupling capacitors. 
A general rule of thumb that may be used for selecting the capacitance value of the bulk 
capacitors 98 is a bulk capacitance of at least ten times the total decoupling capacitance. For this 
example, the total decoupling capacitance is about 0.88 \iF. Hence, the total bulk capacitance is 
preferably greater than 8.8 ^F. In this example, four bulk capacitors 98 are used, one for each 
region. Thus, each of the bulk capacitors may be a tantalum capacitor with a capacitance 
of 4.7 |iF, for example. The bulk capacitors 98 of FIG. 1 1 may be alternated between the core 
and I/O decoupling capacitors. In other words, the bulk capacitors 98 in the first and third 
regions may be used for the core leads 51, and the bulk capacitors 98 in the second and fourth 
regions may be used for the I/O leads 53, for example. In other embodiments, however, the size 
of each bulk capacitor may vary for each or some of the regions, and the type of capacitor may 
vary from the example given herein. Also, the number of bulk capacitors per region may vary, 
and different regions may have different numbers of bulk capacitors. 

[0047] For the placement of the decoupling capacitors, it is preferred to have the decoupling 
capacitors as close as possible to their respective leads. And for the bulk capacitors, it is 
preferred to place the bulk capacitors as close to the decoupling capacitors as possible. This 
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minimizes trace lengths and, therefore, minimizes the current loops. In general, lowering the 
current loops will lower the electromagnetic radiation and reduce parasitic inductance. 

[0048] There are many different alternatives and options for placement of the decoupling 
and bulk capacitors. FIGs. 12-15 are simplified side views of the example packaged chip 30 and 
the capacitors of FIG. 1 1 in combination with a printed circuit board 36 to illustrate some 
example configurations. In FIG. 12, the decoupling capacitors (62, 64, 72, 74, 82, 84, 92, 94) are 
located on the bottom side of the circuit board 36, and the bulk capacitors 98 are located on the 
top side of the circuit board 36. In FIG. 13, the decoupling capacitors (62, 64, 72, 74, 82, 84, 92, 
94) are built into the package substrate (not shown in detail) of the packaged chip 30. In 
FIG. 14, the decoupling capacitors (62, 64, 72, 74, 82, 84, 92, 94) are built into the circuit 
board 36. In FIG. 15, the decoupling capacitors (62, 64, 72, 74, 82, 84, 92, 94) and the bulk 
capacitors 98 are built into the circuit board 36. These are just a few illustrative examples for 
some placements of the decoupling and bulk capacitors. One of ordinary skill in the art will 
likely realize many other placements and configurations. 

[0049] Although embodiments of the present invention and at least some of its advantages 
have been described in detail, it should be understood that various changes, substitutions and 
alterations can be made herein without departing from the spirit and scope of the invention as 
defined by the appended claims. Moreover, the scope of the present application is not intended 
to be limited to the particular embodiments of the process, machine, manufacture, composition of 
matter, means, methods, and steps described in the specification. As one of ordinary skill in the 
art will readily appreciate from the disclosure of the present invention, processes, machines, 
manufacture, compositions of matter, means, methods, or steps, presently existing or later to be 
developed, that perform substantially the same function or achieve substantially the same result 
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as the corresponding embodiments described herein may be utilized according to the present 
invention. Accordingly, the appended claims are intended to include within their scope such 
processes, machines, manufacture, compositions of matter, means, methods, or steps. 
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